Two-dimensional black phosphorus has been configured as field-effect transistors,
Introduction
Black phosphorus (BP), as a fast-emerging two-dimensional (2D) material, stands out from other members in 2D family such as graphene 1, 2 and transition metal dichalcogenides (TMDs) 3 , and attracts substantial research interests attributed to its remarkably unique fundamental properties and versatile device applications [4] [5] [6] . Few-layer BP sheet can be exfoliated from layered BP crystals, where each phosphorus atom is covalently bonded to three neighboring atoms to form a puckered orthorhombic structure [7] [8] [9] . BP is featured by a thickness-dependent direct band gap, ranging from ~0.3 eV for bulk to ~2 eV for monolayer [10] [11] [12] , leading to great potential applications of BP based optoelectronic devices. Moreover, highly anisotropic electronic and optoelectronic characteristics also distinguish BP from most of materials in 2D family 12, 13 .
The inherent sizeable band gap enables ultrathin BP to be configured as field-effect transistor (FET) devices, demonstrating a clear ambipolar transport behavior with remarkably high hole mobility up to ~1000 cm and on/off ratio of ~10 5 at room temperature [14] [15] [16] [17] . However, the BP based FETs generally exhibit significant asymmetry between electron and hole transport, where both electron mobility and concentration are orders of magnitudes lower than the hole side, thus seriously limiting its applications in complementary logic electronics. In order to effectively improve the electron transport of BP devices, hence achieving more balanced ambipolar characteristics, several approaches have been utilized such as selection of proper metal contacts 18, 19 and surface transfer doping 20 on BP flakes. Furthermore, R.
A. Doganov et. al report a greatly enhanced electron transport characteristic of pristine few-layer BP channels that are passivated by hexagonal boron nitride in inert atmosphere, compared to the unpassivated and air exposed BP channel 21 . This surface protection process can lead to the appearance of the intrinsic symmetric ambipolar transport behavior of BP, which indicates that air exposure plays a dominant role in suppressing the electron transport. Nevertheless, the key factors to modulate BP ambipolar characteristics in air are still unclear and less understood. A comprehensive spectroscopic investigation (e.g. Raman spectroscopy) has been recently implemented to determine the origin of BP degradation in controlled ambient conditions Here, we report that the ambipolar characteristics of few-layer BP FET devices can be strongly modulated in oxygen (O 2 ). Upon oxygen exposure, the electron transport of BP devices is dramatically suppressed, revealing a decrease of mobility by over three orders of magnitudes; while the hole mobility of BP is nearly retained. Such oxygen induced modulation on electron transport of BP is reversible and the electron transport of BP can be nearly recovered upon annealing under Ar. On the other hand, oxygen exposure under light illumination initiates chemical oxidation of BP, which shows the significant mobility decrease for both electron and hole transport. In situ X-ray photoelectron spectroscopy (XPS) investigation further confirms the photoinduced oxidation of BP.
Results and discussions
Ultrathin BP flakes were exfoliated from bulk BP crystals and transferred on heavily p-doped silicon substrate coated with 300 nm SiO 2 , and subsequently configured as two-terminal FET devices for controlled experiments in ambient conditions. Figure 1a displays a typical atomic force microscopy (AFM) image of as-fabricated BP devices.
The line profile reveals the BP flake thickness of ~5.4 nm, which corresponds to ~10 atomic layers considering ~0.53 nm interlayer distance in BP crystal. Raman spectrum of the exfoliated few-layer BP (Fig. 1b) demonstrates the characteristic peaks nearly located at 364, 438 and 465 cm , in good agreement with previous reports [13] [14] [15] [16] . Extracted from the linear regime of transfer plot, the field-effect mobility of BP flake can be evaluated via the formula below 14, 20 :
where dI sd ⁄ dV g represents the slope of the linear region in transfer characteristic, C i is the capacitance per unit area between BP and back gate given by i In order to explore how the adsorbed oxygen influences the transport behavior of BP, fabricated BP FET devices were exposed to purified oxygen at atmospheric pressure, and subsequently evacuated to high vacuum condition for electrical characterizations. . It is worth noting that the slight increase of hole mobility at the beginning of O 2 exposure is mainly ascribed to the insufficient back gate voltage that cannot fully drive the BP device to the linear hole transport regime, thereby limiting the extracted hole mobility at initial exposure stage. In addition, as we further annealed the O 2 exposed device in Ar-filled glove box, it was found that the electron transport of BP was remarkably improved (Fig. 2d) , and almost returned to the pristine state with the electron mobility of 6.2 cm As a comparison, BP based FETs were also exposed to nitrogen (N 2 ). In sharp contrast to the O 2 case, N 2 exposure did not induce any obvious change in transfer curves of BP FETs with increasing exposure time, as shown in Fig. 3a , thereby giving rise to the almost retained electron and hole mobility upon N 2 exposure (Fig. 3b) . This further suggests that oxygen plays a predominant role in attenuating the electron transport of BP devices. In situ X-ray photoelectron spectroscopy experiments were carried out on O 2 exposed bulk BP to further reveal the physical adsorption of oxygen on BP. Figure   3c demonstrates the evolution of P 2p core level XPS spectra of bulk BP as a function of O 2 exposure time in dark conditions. Pristine BP exhibits a single 2p peak with spin-orbit split located at the binding energy of ~130 eV, consistent with previous XPS measurements [26] [27] [28] . During O 2 exposure under atmospheric pressure, we did not observe any obvious change in the evolution of P 2p peak and the appearance of phosphorus oxide related peaks with the binding energy of ~134-135 eV 26, 29, 30 . This The light-induced oxidation mechanism of few-layer BP can be expressed as follows:
In equation (2) AFM scans of as-made devices were performed in a class 1,000 clean room with controlled humidity of ~50 % using a Bruker Dimension FastScan microscope in tapping mode. Raman spectroscopy measurements were also conducted in clean room via a backscattering configuration using a 532 nm laser as excitation source.
XPS measurements on O 2 exposed bulk BP were carried out in a custom-bulit ultrahigh vacuum chamber (10 -10 mbar) with Mg Kα (1253.6 eV) as excitation sources.
Oxygen exposure was undertaken in a load lock chamber with a quartz viewport, and a 532 nm high-power light emitting diode (LED) source of ~1.7 W was used for light illumination (~1 cm × 1cm spot). 
